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Forword 
This  i s  t h e  f i f t h  semiannual r e p o r t  on NASA Grant No. 
NGR 33-013-017. I t  covers  work from October 1, 1967 t o  A p r i l  1, 
1968. 
The f i r s t  two r e p o r t s  were i ssued  March 31, 1966 and 
October 1, 1966 and had l i m i t e d  d i s t r i b u t i o n .  The t h i r d  r e p o r t ,  
accord ingly  contained a comprehensive review of t h e  e n t i r e  pro- 
gram and was i s sued  A p r i l  1, 1967. The f o u r t h  r e p o r t  was i s sued  
October 1, 1967. 
This  g r a n t  was made by t h e  NASA Off ice  of Grants and Research 
Contracts .  The NASA Technical  Monitor i s  M r .  Robert E. Oldr ieve 
of t h e  L e w i s  Research Center ,  Cleveland, Ohio. The work i s  under 
t h e  supe rv i s ion  of P ro fes so r s  Morris Kolodney and Robert A. Graff 
and i s  be ing  performed by M r .  S t an ley  R, Levine, M r .  Andrew G. 
M u e l l e r ,  M r .  Leon Schwartz and M r .  F reder ic  N. Schwettman who a r e  
graduate  s t u d e n t s  a t  The C i t y  College of N e w  York. A f i f t h  grad- 
u a t e  s t u d e n t ,  M r .  George Halbf inger ,  joined t h e  p r o j e c t  i n  
December 1967. 
I 
Summary 
An investigation of the fundamental processes involved in 
the protection of tantalum and columbium by their silicides is 
in progress. The program has four parts. The first part is 
devoted to establishing thermochemical data for the silicides 
and employs an entirely solid state electrochemical cell. The 
second part deals with the protection of both coating and sub- 
strate by the protective glass formed during oxidation. Under 
certain conditions of temperature and pressure this glass does 
not form and the coating fails. The study of glass structure 
and growth is aimed at understanding the causes of failure and 
providing a rational basis for improving coatings. In the third 
part oxidation rates and the possibility of using coating modi- 
fiers to promote the formation of glassy films is to be tested. 
Lastly, since coating life may be limited by the formation of 
intermediate phases between the silicide and the substrate, these 
interactions are being investigated in the fourth part of the 
program along with the efficacy of diffusion barriers to retard 
intermedlate phase growth. 
The previous reports described the development of specimen 
fdlDriCdii"r, ec i l I i iy -ues ,  AI-- J - - z  -* - n r J  m n n c . t r r l r , t ;  nn 
L l l C  U G a r y L r  UIlU G V I I Y  C L  -1 --..*I of CWTlli  n m o n t  -Y--r-"--- 
and preliminary tests of some of the methods to be used. Further 
tests and improvements in methods and apparatus are given in 
this report. Preliminary results on the rate of oxidation of 
TiSi between 300 and 1200 C are presented. New information 
on interphase growth in the Ta-TaSi system has been obtained. 
A new line of investigation on silicide reactions has been added. 
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I 
In t roduct ion  
Refrac tory  metals  a r e  requi red  for  a v a r i e t y  of a p p l i c a t i o n s  
a t  e l eva ted  temperatures ,  p a r t i c u l a r l y  f o r  a i r -b rea th ing  engines ,  
because t h e i r  h igh  s t r e n g t h  i s  r e t a ined  under s e r v i c e  condi t ions .  
These metals ,  however, s u f f e r  from a s u s c e p t i b i l i t y  t o  oxida t ion .  
0 Above about 1300 F oxida t ion  r a t e s  a r e  p r o h i b i t i v e ,  and a pro- 
t ec t ive  c o a t i n g  i s  requi red .  S i l i c i d e  and aluminide coa t ings  
have been most success fu l  thus  f a r .  
The development of coa t ings  has  proceeded by  l a r g e l y  empiri- 
c a l  methods. While t h i s  i s  undoubtedly t h e  way t o  o b t a i n  p r a c t i -  
c a l  coa t ing  systems r a p i d l y ,  a success fu l  coa t ing  technology mus t  
b e  backed by fundamental information atmosphere-coating-substrate 
systems. Previous s t u d i e s  on t h e  development of p r o t e c t i v e  s i l i -  
c i d e  c o a t i n g s  w e r e  reviewed i n  t h e  t h i r d  Semiannual  Report. 
The program repor t ed  he re  was undertaken t o  provide an under- 
s t and ing  of  t h e  behavior  of t h e  coated s u b s t r a t e  i n  i t s  environ- 
ment, T h i s  involves  t h e  mechanisms and r a t e s  of ox ida t ion  of t h e  
c o a t i n g  and t h e  e f f e c t s  of modi f ie rs  as w e l l  a s  t h e  mechanisms 
and r a t e s  of i n t e r a c t i o n  of t h e  coa t ing  with t h e  s u b s t r a t e .  The 
t a n t a l u m - s i l i c i d e  and columbium-silicon systems, a t  temperatures  
n 
up t o  2500°F and under oxygen pressures  of one atmosphere and 
above, a r e  under study. 
Four major l i n e s  of i n v e s t i g a t i o n  a r e  i n  progress :  
1) thermochemical d a t a ,  
2 )  g l a s s  s t r u c t u r e  and growth, 
3) ox ida t ion  r a t e s  and coa t ing  modi f ie rs ,  
4 )  subs t r a t e -coa t ing  i n t e r a c t i o n  and b a r r i e r s .  
To d i s c u s s  t h e  behavior  of tan ta lum-s i l icon  and columbium- 
s i l i c o n  systems under oxida t ion  requires thermochemical d a t a  f o r  
t h e  oxides  and s i l i c i d e s .  A t  p r e sen t  t h e  f r e e  ene rg ie s  of forma- 
t i o n  of t h e  s i l i c i d e s  of tantalum and colunibium a r e  n o t  ava i l ab le .  
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These a r e  being determined i n  t h e  f i r s t  p a r t  of t h e  program us ing  
a s o l i d  ga lvanic  c e l l  a t  e leva ted  temperature,  
The ox ida t ion  p r o t e c t i o n  of metals b y  s i l i c i d e s  depends on 
t h e  formation dur ing  ox ida t ion  of a g l a s s  which a c t s  a s  a b a r r i e r  
t o  oxygen. The ox ida t ion  products  f r equen t ly  do no t  form a pro- 
t e c t i v e  fi lm. I n  t h e  second l i n e  of i n v e s t i g a t i o n  t h e  g l a s s e s  
formed on ox ida t ion  a r e  being inves t iga t ed  with t h e  o b j e c t i v e  of 
understanding t h e  d i f f e r e n c e s  between t h e  s t r u c t u r e  of pro tec-  
t i v e  and nonprotec t ive  f i lms  and t h e  processes  c o n t r o l l i n g  t h e i r  
growth. This  understanding w i l l  provide a r a t i o n a l  b a s i s  f o r  
improving t h e  p r o t e c t i v e n e s s  of coa t ings ,  
The p o s s i b i l i t y  of using modifiers t o  improve t h e  s t r u c t u r e  
of t h e  f i l m  i s  be ing  i n v e s t i g a t e d  i n  t h e  t h i r d  p a r t  of t h i s  pro- 
gram. Substances which form s t a b l e  oxides o r  s i l i c a t e s  may b e  
expected t o  i n c r e a s e  coa t ing  l i f e  ar,d a number of t h e s e  w i l l  be 
t e s t e d .  
I n  t h e  f o u r t h  phase of t h e  p r o j e c t  t h e  i n t e r a c t i o n  of t h e  
c o a t i n g  with t h e  s u b s t r a t e  1s being s t u d i e d .  This i n t e r a c t i o n  
produces an in t e rmed ia t e  s i l i c i d e  incaF ib le  of forming a pro- 
t e c t i v e  f i lm.  
t ~ 7 - m  CJ-+---:--  ---.t;nrr 1 ; F . e .  ~ k r _ ~ s e  phases  grow by d i f f u s i o n ,  
LlIU.3 U L L L L , , , & L * L  L V U  .-L”r A &-  
and t h e  use of b a r r i e r s  t o  slow t h e  growth of t h e  in t e rmed ia t e  
has  been repor ted ,  
The r a t e  of growth of t h e  in t e rmed ia t e  phase may 
A n e w  l i n e  of i n v e s t i g a t i o n ,  s i l i c i d e  r e a c t i o n s ,  has been 
added t o  suppor t  o t h e r  phases of t h e  program. Mixtures of a 
s i l i c i d e  and i t s  oxides  a r e  examined by x-ray a n a l y s i s  b e f o r e  
and a f t e r  hea t ing ,  Evidence of r e a c t i o n ,  ob ta ined  i n  t h i s  way, 
g i v e s  informat ion  of thermodynamic s t a b i l i t y .  
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I 
Thermochemical Data 
Presently available thermodynamic data for tantalum and 
columbium silicides are limited to heats of formation obtained 
calorimetrically (Robins and Jenkins, 1955), by Knudsen effusion 
(Myers and Searcy, 19571, or by reaction equilibria (Brewer and 
Krikorian, 1956). The average accuracy of the best available 
data is about 2 15%. To date there have been no experimental 
determinations of the free energy and entropy of formation of 
these silicides. The free energy of formation of these compounds 
can only be estimated from heat of formation data under the 
assumption of a zero entropy of formation. 
In this investigation the free energy of formation of the 
tantalum silicides are being determined from E&PII? measurements 
on electrochemical cells of the form: 
Pt/Silici.de electrode//oxide electrolyte//Ta, Ta205/Pt 
where the free energy of the reaction is given by 
L A G  = -nFE R 
and 
and Q - Ta 0 and the unknown free energies of formation of the 
silicides. The same is true of the entropy of the cell reaction 
which is proportional to the temperature derivative of the voltage. 
b G R  contains the known free energies of formation of &-quartz 
2 5  
A SR = nF J E  (dl P 
The reference electrode half-cell reaction may be 
- 
10e- + Ta 0 = 2Ta + 5 0- 2 5  
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The expected r e a c t i o n s  a t  t h e  s i l i c i d e  e l e c t r o d e s ,  which i n  each 
c a s e  i s  composed of t h e  p a r t i c i p a t i n g  r e a c t a n t s  and products ,  a re :  
- 
14 0- + 5 TaSi2 = Ta  S i  + 7 S i 0  + 28e- 
5 3  2 
35 O= + 4 Ta S i  = 7 Ta 0 + 6 T a S i 2  + 70e- 5 3  2 5  
- 
2 O= + 2 Ta5Si3 = 5 Ta Si + S i 0  
5 O= + 6 Ta Si = Ta 0 + 2 Ta Si + 10e- 
+ 4e 
2 2 
2 2 5  5 3  
10 O= + 9 Ta S i  = 4 Ta4.5Si + 5 S i 0  
2 2 
25 0- + 4 Ta4.5Si = 4 Ta S i  + 5 Ta 0 
2 2 5  
SS. = 9 Ta 0 f 4 S i 0  -c 106e- 
2 5  2 
53 0- + 4 Ta4.5  
+ 20e- 
- 
+ 50e- 
- 
Background m a t e r i a l  on s o l i d  oxide e l e c t r o l y t e s  has  pre- 
v i o u s l y  been presented  (Kolodney and G r a f f ,  i96? h) 
During t h e  p a s t  s i x  months a l a rge  number of c e l l s  have been 
examined and reproducib le  results, c o n s i s t e n t  with t h e  expected 
e l e c t r o l y t e  behavior ,  ob ta ined  fo r  the fol lowing c e l l :  
P t / F e ,  Fe O/JThB Y 0 //Ta, Ta 0 /Ta/Ft 
X 2' 2 3 2 5  
A number of e l e c t r o l y t e  th icknesses  and compositions w e r e  em- 
ployed. Resu l t s  a r e  presented  i n  Table I. Nei ther  composition 
nor  t h i c k n e s s  was found t o  have a pronounced e f f e c t  upon t h e  
observed Voltages. However, c e l l s  2 and 5 bes t  followed t h e  
expected temperature  dependence of E W  a s  can be seen by  con- 
s i d e r i n g  t h e  small  v a r i a t i o n  i n  t h e  average t r a n s p o r t  number. 
The absence of a pronounced e f f e c t  of e l e c t r o l y t e  r e s i s t a n c e  
upon c e l l  v o l t a g e  i s  c o n t r a r y  t o  t h e  observa t ion  of S t e e l e  and 
Alcock (1965).  Under n u l l  c u r r e n t  condi t ions  t h e  absence of an 
e l e c t r o l y t e  r e s i s t a n c e  e f f ec t  can be understood by  cons ider ing  
t h e  d i f f u s i o n  of i n d i v i d u a l  spec ie s  i n  t h e  e lec t rochemica l  f i e l d .  
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Table 1 
Resu l t s  For Cells of The Form Pt/Ta/Ta,Ta2O5/,'ThO2 Y203//Fe,Fe O/Pt x
C e l l  E l e c t r o l y t e  Rela t ive  Tempera- EMF Average Local 
No. R e s i s -  t u r e  C (avg) Trans- Trans- 
0 
por t  No.  p o r t  No. 
t t 
- t a n c e  a t  
i i l0OO0C loc 
0,975 0.791 
m o d  Y,O, 2.3 900 606 0 .  968 0.728 
1 Tho 7.25 1000 604 
L 3  
800 608 0. 963 0.659 
720 596 0.936 0.463 88.5% dense 0. 18" t h i c k  
2 Tho2 725 1000 5 98 0. 965 0.725 
mol % Y 2 0 3  2 . 2  900 600 0. 958 0.662 800 601 0. 952 0.584 
87.5% dense 700 570 0.893 0.272 
0.17" t h i c k  
3 ThQ2 7.25 1000 5 98 0. 965 0,725 
1 900 609 0.973 0. 764 
800 613 0. 971 0.719 
-I____ 0. 078" t h i c k  l ~ - - l l l _  700 608 0,953 0,564 
4 Tho2 3 mol % 1000 599 0 ,  967 0.736 
5. 3 900 605 0. 967 0 . 7 1 7  
2 3  800 605 0,957 0.626 
~ 0.13" t h i c k  700 5 98 0. 938 0.465 
5 Tho, 1 . 2  1000 595 0. 961 0,694 
mol % Y 2 0 3  
Y O  
L 
---I a/ x r  n 9.7 
L2"3 I l L U l  /o 
900 601 0,  960 0.673 
800 607 0. 961 0.648 
Th i  c kn e s s 700 613 0. 961 0.620 
.097" 
Tho2 7 m o l  % 1000 599 0 .  967 0.736 
1 - 2  900 602 0. 961 0.683 Y O  
2 3, 800 610 0. 965 0.683 
2 700 622 0.975 0.736 . 2  w t  % S i 0  
Thickness  
- 0 9 "  
6 
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In the presence of a low resistance path in parallel with the 
cell (of the order of 10 ohms) electrolyte thickness and compo- 
sition will play a role: they will affect the degree of polar- 
ization of the cell. The early difficulties in this investigation 
are believed to be partially attributable to low resistance paths 
in parallel with the cell. 
been determined. However, they have been eliminated. Resistance 
measurements on the assembled apparatus under open and closed 
circuit conditions at 900 C showed that the resistance of all 
7 
The nature of these paths has never 
0 
possible parallel paths was greater than 10 9 ohms. 
From the data on cells of type I an average ionic transport 
number 
can be calculated. E* is the expected EMF and E is the observed 
Ll lY vvv . A l s z ,  since the Fe, Fe 0 electrode exerts an oxygen partial 
pressure which is well within the region of 100% ionic conduction 
for thoria-yttria electrolytes, a local transport number at the 
electrolyte - Ta, Ta 0 interface can be calculated from the follow- 
ing relation: 
X 
2 5  
4F (E - E*) /nRT = e  
i t loc 
where n is a parameter characteristic of the electrolyte. From 
theory n should be 4. Steele and Alcock (1965) use a value of 
2.5, The reduction in n allows for trapping of free electrons at 
vacant oxygen sites already present as a result of the doping with 
an aiiovaient cation. A value of 2,5 was used for Table I. 
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1 
The oxygen p a r t i a l  p re s su res  over s i l i c i d e  e l e c t r o d e s  w i l l  
n o t  d i f f e r  apprec iab ly  from t h e  oxygen p a r t i a l  p re s su re  exe r t ed  
by Ta, Ta205. Therefore ,  average t r a n s p o r t  numbers can be u s e d  
t o  c o r r e c t  EMF measurements made on s i l i c ide  e l e c t r o d e s  wi th  re- 
s p e c t  t o  an Fe,  F e  0 r e f e r e n c e  e lec t rode .  I f  t h e  vo l t age  f o r  t h e  
c e l l  
X 
1 
Fe  F e  X O//Electrolyte//Silicide Elec t rode  (11) 
exceeds t h e  v o l t a g e  f o r  C e l l  I t is  an upper bound f o r  t h e  t r u e  
vol tage.  S i m i l a r l y ,  i f  t h e  vol tage  of c e l l  I€ i s  less than t h a t  
of c e l l  I f A f u r -  
t h e r  check on t h e  c o r r e c t i o n  f o r  e l e c t r o n i c  t r a n s p o r t  can be  made 
by  measuring t h e  EMF of c e l l s  conta in ing  a Ta, Ta 0 - r e f e r e n c e  
e l ec t rode .  I n  t h i s  c a s e  t h e  s ign  of t h e  vo l t age  w i l l  i n d i c a t e  
whether t h e  average t r a n s p o r t  number a s  determined from c e l l s  of 
t ype  I ,  i s  an upper o r  lower bound fo r  t h e  t r u e  average t r a n s p o r t  
number. I n  a d d i t i o n ,  t h e  magnitude of t h e  vo l t age  will g i v e  s o m e  
e s t i m a t e  of t h e  c loseness  of t h e  bcund. 
i 
as determined from c e l l  I i s  a lower bound. i 
2 5  
A p a r t i a l  l i s t i n g  of o t h e r  c e l l s  examined dur ing  t h e  p a s t  
s i x  months i s  presented  i n  T a b l e  11. There i s  some u n c e r t a i n t y  
about t h e  v a l i d i t y  of t h e  observat ions because of p o s s i b l e  l o w  
r e s i s t a n c e  p a t h s  i n  t h e  system and t h e r e f o r e  no q u a n t i t a t i v e  re- 
s u l t s  w i l l  be presented.  Measurements on s i l i c i d e  e l e c t r o d e s  
which a r e  be ing  s i n t e r e d  with 0.5 wt % N i  t o  improve t h e i r  d e n s i t y  
w i l l  be resumed and completed i n  t h e  next  s i x  months. 
A s  was mentioned i n  Semiannual Report No.  4 ,  (Kolodney and 
Gra f f ,  1967a) e l e c t r o l y t e s  prepared by s i n t e r i n g  Tho2 and Y 0 
i n  a vacuum furnace  wi th  Ta  e l e m e n t s  a r e  dark green. S o l u t i o n s  
of Y 2 0 3  i n  Tho2 a r e  g e n e r a l l y  brown i n  t h e  presence of excess  
oxygen and of f -whi te  i n  t h e  s to i ch iomet r i c  condi t ion .  Some e f f o r t  
i s  be ing  d i r e c t e d  a t  expla in ing  these  c o l o r  changes. T r a n s i t i o n s  
2 3  
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T a b l e  11. P a r t i a l  L i s t  of C e l l s  S tudied  Durinq t h e  Report Per iod  
C e l l  
N o .  
Reference 
Elec t rode  
Low P a r t i a l  
P r e s s u r e  
Elec t rode  
of Unknown 
Comments % Theor. 
Dens i ty  of 
E l e c t r o l y t e  
t o  7 mol % 
i n  Tho y2°3 2 
90.5 
- 
1 Ta, Ta205 Ta S i  5 3' 
Ta  S i ,  2 
Ta205 
T a  S i  
Ta S i ,  2 
Ta205 
5 3' 
S t a b l e  EMFs w i th in  
expected values .  Tem- 
p e r a t u r e  dependence 
was very  s t rong .  
T a ,  Ta205 90.2 S t a b l e  EMFs w i th in  
expected values .  Con- 
s iderab l e  s c a t t e r .  
EMF exh ib i t ed  a 
maximum 
S t a b l e  Ems wi th in  
expected va lues . .  
Considerable  scatter.  
Ta, Ta205 Ta S i  
5 3' 
Ta S i ,  2 
S i 0 2  
Ta S i  . 
5 5  
Ta S i ,  2 
S 10 
I- 
2 
4 T a ,  Ta205 Except for 3 d a t a  
p o i n t s  i n  2 7  a l l  p o i n t s  
f e l l  i n  a reasonable  
canfidence i n t e r v a l  
w i th in  t h e  expected 
values .  Temperature 
dependence was 
s t ronq  (23 mv/lOOCo) 
EMFs n o t  w i th ln  ex- 
pec ted  va lues  
5 
- 
90.1 
Ta205 Ta4. 5Si  
6 
T a *  Ta205 
S t a b l e  Ems ob- 
t a i n e d  2 
90.1 , S i 0  
i 
i Ta4.5Si, Ta 
TaSi ,Ta S i  
1 
i si0 
' TaSi , T a  S i  
I 2 5 3  
I s io ,  
2 5 3  89. 7 
2 
89. 7 
7 N i ,  N i O  The d i f f e r e n c e  between 
the EMFs f o r  ce l l s  
( 7 )  and (8) d i d  n o t  
equal  t h e  EMF f o r  
N i ,  N i Q  vs  Fe,  Fe 0 
X 
-- 
8 Fe,Fe 0 
X 
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Table 11. P a r t i a l  L i s t  of C e l l s  Studied Durinq t h e  Report Per iod 
C e l l  
No. 
9 
10 
11 
12 
1 3  
Reference 
Elec t rode  
Fe ,  F e  0 
N i ,  N i O  
X 
Ni, NiQ 
% Theor. 
D e n s i t y  of 
E l e c t r o l y t e  
t o  7 mol % 
Y 0 i n  Tho 
92 
2 3  2 
90 
90 
88 
90 
Low P a r t i a l  
Pressure 
Elec t rode  
of Unknown 
T a ,  Ta 0 2 5  
T a ,  Ta205 
- - =  - 
c ,  sic, 
s io2  
2 
TaS i 
Si, SiQ, 
L 
(cont.  ) 
Comments 
The d i f f e r e n c e  be- 
tween  t h e  EMFs f o r  
c e l l s  ( 9 )  and (10)  
was s u b s t a n t i a l l y  
equal  t o  t h e  EMF f o r  
N i ,  N i O  v s  F e ,  Fe  0. 
t u r e  dependence was 
i n c o n s i s t e n t  wi th  t h e  
expected behavior  of 
t h e  e l e c t r o l y t e .  
C 8  formation appeared 
t o  occur 
However, t h e  tempera- X 
No reproducib le  
values  obtained 
ENF maximum was 9 mv 
3 t  100G02. E L T  de- 
c l i n e d  t o  zero. 
- - _ ~  
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I 
from brown t o  white  under reducing condi t ions  a r e  r e a d i l y  ex- 
p l a ined  i n  t e r m s  of removal of excess oxygen. Such behavior  i s  
common t o  commercial e l e c t r o l y t e s .  Radiation induced c o l o r  
changes i n  commercial m a t e r i a l s  can be explained i n  t e r m s  of 
e l e c t r o n  t rapping.  Color changes i n  e l e c t r o l y t e s  prepared i n  
t h i s  l abora to ry  have n o t  been completely explained. 
I n  an at tempt  t o  d u p l i c a t e  t h e  commercial m a t e r i a l ,  Tho 7 . 2 5  
2 
mol % Y 0 was prepared with 0 . 2  w t  % S i 0  added a s  a s i n t e r i n g  
aid.  The r e s u l t a n t  p e l l e t  was a t r a n s l u s c e n t  brownish green. I t  
was very  dense and g lassy .  The presence of S i 0  d i d  n o t  impair 
t h e  e l e c t r o l y t i c  p r o p e r t i e s  a s  i s  ind ica t ed  by  the r e s u l t s  given 
i n  Table  I. The e f f e c t  of S i 0  on the  s i n t e r i n g  behavior  of 
2 
ThQ 0 e l e c t r o l y t e s  w i l l  be i n v e s t i g s t e d  i n  t h e  next  r e p o r t  
per iod.  
2 3  2 
2 
2 2 3  
-10- 
Glass S t r u c t u r e  and Growth 
The o b j e c t  of t h i s  phase of t h e  program i s  t o  determine t h e  
mechanism of p r o t e c t i v e  f i l m  formation by e v a l u a t i n g  t h e  s t ruc -  
t u r e ,  composition and growth r a t e  of t h e  oxide f i lm.  
I n  o rde r  t o  c l e a r l y  e s t a b l i s h  the  i n t r i n s i c  ox ida t ion  be- 
hav io r  of t h e  coa t ing  m a t e r i a l s ,  t h e i r  ox ida t ion  i s  be ing  s t u d i e d  
i n  bu lk  form. 
l a r l y  a t t r a c t i v e  i n  t h a t  it e l imina te s  t h e  phys ica l  problems 
found i n  c o a t i n g s ,  and a l s o  allows t h e  e f f e c t s  of small  amounts 
of a d d i t i v e s  t o  be  determined. P u r e  T i S i  which upon ox ida t ion  
forms a p r o t e c t i v e  oxide f i lm ,  i s  t h e  i n i t i a l  m a t e r i a l  be ing  con- 
s idered .  When t h e  mechanism of p r o t e c t i o n  f o r  t h i s  m a t e r i a l  i s  
e s t a b l i s h e d ,  t h e  e f f e c t  on t h e  oxide f i l m  of t h e  a d d i t i o n  of 
s i l i c o n  and TaSi t o  t h e  pure T iS i  w i l l  be  considered.  
This approach t o  t h e  coa t ing  problem i s  p a r t i c u -  
2'  
2 2 
Wafers  of t h e  s i l i c i d e s  a r e  prepared by t h e  techniques of 
powder matal lurgy.  The i n i t i a l  ox ida t ion  s t u d i e s  were c a r r i e d  
o u t  i n  s t a t i c  a i r  i n  a box-type furnace. Techniques f o r  evalu- 
I , a t i n g  t h e  c h a r a c t e r  of t h e  f i l m  a r e  being developed us ing  t h e s e  
p re l imina ry  specimens. F i n a l  ox ida t ion  experiments a r e  performed 
i n  a tube-type furnace  wi th  c o n t r o l l e d  atmospheres. These s t u d i e s  
e s t a b l i s h  t h e  e f fec t  of temperature,  oxygen p r e s s u r e  and wafer 
s t r u c t u r e  OR t h e  char i .z t? r  and growth r a t e  of t h e  oxide fi lm. 
Oxidat ion mechanisms may then be  formulated, 
1 
I 4, 
1 A n a l y t i c a l  Techniques 
i 
~ t h e  T i S i  s u b s t r a t e  us ing  a c h l o r i n e  e t c h  a t  700-800 C. The 
I n  e a r l i e r  X-ray s t u d i e s ,  t h e  oxide f i l m  was removed from 
0 
2 
f i l m  was ground and a powder p a t t e r n  obtained. The purchase of 
a Norelco d i f f r a c t o m e t e r  now allows the  a n a l y s i s  t o  be made 
wi thout  d e s t r o y i n g  t h e  sample. The oxidized specimen i s  placed 
i n  t h e  sample support  ho lde r  and t h e  sample scanned. The re- 
s u l t i n g  spectrum shows t h e  T i S i  s u b s t r a t e  q u i t e  s t r o n g l y  with 
2 
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smal le r  oxide peaks a l s o  present .  Both techniques w i l l  cont inue  
i n  use.  
Oxidation S t u d i e s  
Oxidation r u n s  w e r e  made a t  300, 600,  800, 1000 and 12OO0C, 
The weight ga in  d a t a  f o r  t h e s e  runs i s  shown i n  F igu re  1. The 
number of samples a t  each temperature  i s  i n d i c a t e d  i n  p a r e n t h e s i s .  
An oxygen-argon atmosphere was used with an oxygen p a r t i a l  p res -  
s u r e  of 0 .2  atm. Sample v a r i a t i o n  i n  weight ga in ,  where a number 
of samples w e r e  r u n ,  was +30%. The r u n s  a t  800 and 120OOC w e r e  
made on samples which had been lapped using automatic p o l i s h e r s  
while  t h e  o t h e r  samples w e r e  lapped by hand. 
A s  i n d i c a t e d  i n  F igu re  1, t h e  weight ga ins  w e r e  q u i t e  low, 
2 2 ranging from 0.015 mg/cm a t  3OO0C f o r  300 hours t o  0.20 mg/cm 
a t  120OOC f o r  100 hours.  
was formed. 
I n  a l l  cases  a p r o t e c t i v e  oxide f i l m  
Charac te r  of t h e  Oxide F i l m  
When T i S i  i s  oxid ized  from 3 0 0  t o  131)OoC there appears  t o  
2 
b e  fou r  s t r u c t u r a l l y  d i s t i n c t  oxide f i l m s  formed. 
smal l  weight changes a r e  observed, no v i s i b l e  oxide f i l m  i s  
formed a f t e r  3 0 0  hours of oxidat ion.  A few, very  smal l ,  crys-  
talline, ? .u l t ico iored  a r e a s  a r e  observed over t h e  sample sur-  
face.  Whether t h e s e  a r e  .-ALLue oxida t ion  products  o r  impur i ty  
oxides  i s  n o t  known. 
A t  3OO0C where 
. - .  1 7  
0 
A t  600 C f o r  200 hours  oxida t ion ,  a mul t ico lored ,  t r a n s p a r e n t  
ox ide  f i l m  i s  formed. I n  each a r e a ,  corresponding roughly i n  
s i z e  and shape t o  t h e  s u b s t r a t e  g ra ins ,  one of two or t h r e e  
c o l o r s  i s  observed. This  c o l o r  d i f f e r e n c e  may r e s u l t  from a 
d i f f e r e n c e  e i t h e r  i n  ox ide  th i ckness  o r  r e f r a c t i v e  index. Micro- 
s cop ic  examination of t h e  f i l m  r evea l s  no c r y s t a l l i n e  growth 
a reas .  X-ray a n a l y s i s  i n d i c a t e s  o n l y  t h e  T i S i  s u b s t r a t e .  S ince  
T i 0  i s  found i n  t h e  X-ray o r  i n f r a r e d  s t u d i e s ,  i t  i s  assumed 
2 
2 
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t h a t  t h e  t i t a n i u m  i s  t rapped i n  the Si02 network. 
confirmed i n  l a t e r  s tud ie s .  
T h i s  w i l l  be 
0 
A t  800 C a t r a n s p a r e n t  ox ide  f i l m  i s  formed. I n  t h i s  c a s e  
T i 0  c r y s t a l l i z a t i o n  appears t o  t a k e  p l ace  a t  an ox ida t ion  t i m e  
somewhere between 3 and 7 hours. T h e  s a m e  phenomenon occurs  
a t  1000 and 1200 C ,  wi th  c r y s t a l l i z a t i o n  occur r ing  e a r l i e r  the  
h ighe r  t h e  temperature.  A t  1200 C after about 50 hours  many 
small  nuc lea t ion  s i tes  form. 
2 
0 
0 
I n  the  800 and 1000°C runs  most 
of t h e  T i 0 2  i s  segrega ted  i n t o  clumps,  
I n  a l l  o f  t h e  f i l m s  descr ibed  above, t h e  oxide  f i l m  appears 
t o  grow v i a  a s o l i d - s t a t e  r eac t ion .  A t  a temperature  around 
1300 C ,  t h e  s t r u c t u r e  of the f i l m  changes d r a s t i c a l l y ,  appar- 
e n t l y  wi th  a r e c r y s t a l l i z a t i o n  of t h e  e n t i r e  f i l m .  The exac t  
temperature ,  c h a r a c t e r  and e x t e n t  of p r o t e c t i o n  provided by  t h i s  
f i l m  a r e  t o  be determined. 
0 
Oxidat ion Mechanism 
One of t h e  m o s t  i n t e r e s t i n g  f e a t u r e s  of the weight-gain 
d a t a  of F i g u r e  1, i s  the marked dev ia t ion  of the  curves  from 
p a r a b o l i c  behavior .  I n  add i t ion ,  a l l  curves  show a change i n  
s l o p e  a t  some p o i n t  dur ing  t h e  oxidat ion.  Also of i n t e r e s t  i s  
the obse rva t ion  t h a t  t h e  weight ga in  a t  800 C i s  lower than t h a t  
obtained a t  600 C. Since  a large number of saiiqles have n o t  
y e t  been run ,  t h e  following d iscuss ion  on p o s s i b l e  mechanisms 
0 
0 
t o  d e s c r i b e  t h i s  behavior  w i l l  be r a t h e r  genera l .  
S i n c e  the ox ida t ion  of T i S i  g ives  r i se  t o  a f i l m  which 2 
appears  tQ be based on an amorphous S i 0  network, it i s  w o r t h -  
wh i l e  t o  compare the r e s u l t s  t o  those  obta ined  w i t h  t h e  oxida- 
t i o n  of p u r e  s i l i c o n .  I t  i s  w e l l  e s t a b l i s h e d  (Deal, 1965) t h a t  
the  o x i d a t i o n  of s i l i c o n  fol lows a pa rabo l i c  r a t e  law from 900 
t o  1200 C ,  w h i l e  f r o m  700 t o  900 C a combination l inear-para;  
b o l i c  law h o l d s  with.  the l i n e a r  term predominating a t  t h e  lower 
2 
0 0 
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temperature.  A l s o ,  marker experiments have shown t h a t  t h e  oxygen 
i s  t h e  d i f f u s i n g  species g iv ing  rise t o  t h e  p a r a b o l i c  mechanism 
( P l i s k i n ,  1964).  
The breaks  i n  t h e  T i S i  ox ida t ion  curves ,  combined wi th  2 
t h e  v a r i a t i o n  i n  s l o p e  from 2.4 t o  6.5 would appear t o  i n d i c a t e  
t h a t  a simple bulk  d i f f u s i o n  model as i n  s i l i c o n  ox ida t ion  i s  
unsui tab le .  When t h e  300 and 6OO0C data  a r e  p l o t t e d  on s e m i -  
l og  paper a s t r a i g h t  l i n e  r e s u l t s .  The equat ions  r e p r e s e n t i n g  
t h e s e  d a t a  a r e  
-2 - 2  
T = 3OO0C : x = ( 0 . 9 1 ~ 1 0  ) l o g  t - 8 . 3 ~ 1 0  
-2 
T = 6OO0C : x = ( 3 . 5 ~ 1 0  ) log t + 2 . 3 ~ 1 0 - ~  
2 
where x i s  i n  mg/cm and t i n  hours. 
on ly  v a l i d  a t  t i m e s  g r e a t e r  than 9 hours. Below t h i s  va lue  nega- 
t i v e  weight changes a r e  p red ic t ed .  It was exper imenta l ly  ob- 
served t h a t  no weight ga in  occurred a t  one and t h r e e  hours.  A t  
t h e s e  low temperatures ,  t h e  i o n i c  mobi l i ty  i n  t h e  l a t t i c e  i s  
q u i t e  small  a s  i n d i c a t e d  by t h e  apparent f r e e z i n g  of t i t a n i u m  
i n t o  t h e  S i 0  network. I f  i t  i s  assumed t h a t  t h e  s u r f a c e  reac-  
t i o n  i s  s t i l l  r a p i d  enough ( c o n t r a r y  t o  t h e  case  f o r  s i l i c o n ) ,  
a s h o r t  c i r c u i t  d i f f u s i o n  model s i m i l a r  t o  t h a t  p o s t u l a t e d  by 
The 300° r e l a t i o n s h i p  i s  
2 
Evans j i96oj  may be suital;-rle. &\-arLs! - m i ; G e l  does ~ e s u l t  in 2 
---Ju------..-- l - - - - - : L ' I - - 2  ----_ - - l ~;nneh;n Whi le  n n  QxnPrimpntal evidence i s  
& - 
a v a i l a b l e  t o  suppor t  t h e  s h o r t  c i r c u i t  i dea ,  t h e r e  may be  micro- 
scopic  phase s e p a r a t i o n  r e s u l t i n g  from t h e  d i f f e r e n t  coordina- 
t i o n  of s i l i c o n  and t i t a n i u m  i n  g lasses .  This  could g i v e  r ise  
t o  lower energy d i f f u s i o n  paths.  Methods of determining t h e  
e x t e n t  of phase s e p a r a t i o n  a r e  be ing  inves t iga t ed .  
While the gene ra l  shape of t h e  curves a t  1000 and 120OOC 
might sugges t  some form of bulk  d i f f u s i o n  and pore c l o s u r e  model, 
t h e  meaning of t h e  f i n a l  s l o p e  of 3 would be unclear.  More 
- 14- 
samples w i l l  be r u n  t o  t e s t  t h e  v a l i d i t y  of t h e  data .  
0 
The lower weight ga ins  recorded a t  800 C when compared t o  
t h e  6OO0C d a t a  may be viewed i n  two ways. S ince  a d i f f e r e n t  
0 
po l i sh ing  technique was used  f o r  t h e  800 C sample, i t s  lower 
r a t e  may have been due  t o  a bet ter  surface.  I t  i s  a l s o  p o s s i b l e  
t h a t  t h e  e f fec t  i s  due  t o  t h e  cha rac t e r  of t h e  f i lm.  A t  8OO0C 
t h e  t i t a n i u m  i s  apparent ly  r e j e c t e d  from t h e  network and forms 
The r e s u l t i n g  purer  S i 0  f i l m  i s  probably c r y s t a l l i n e  T i 0  
more impervious t o  d i f f u s i o n ,  g iv ing  a lower r a t e  than f o r  a 
f i l m  with t i t a n i u m  trapped i n  t h e  network. I t  i s  planned t o  
t es t  more samples a t  t h e s e  and in te rmedia te  temperatures  t o  v e r i f y  
t h e  e f f e c t .  
2' 2 
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Oxidation Rates and Coatinq Modifiers 
The work described in the previous section was concerned 
with providing fundamental understanding of glasses formed in 
silicide oxidation by analyzing the protective and non-proect- 
tive glasses. 
thesis of protective glasses on the basis of existing principles 
for glass formation. The technique of manufacturing wafers by 
powder metallurgy methods lends itself readily to the introduc- 
tion of modifiers. 
by oxidation rate studies to determine the degree of success. 
At the same time, it is possible to attempt syn- 
The composite material may then be evaluated 
The experimental method chosen for the production of glasses 
consists of melting very small quantities (10-20 mg.) in a U - or 
V - shaped kink in a resistance heated thermocouple wire (Baynton, 
et al, 1956; Welch, 1954). Simply switching off the heating 
current results in an extremely rapid quench, since the quantity 
and surface area of the melt is small compared to air bath en- 
vironment. Potential crucible materials for melting glass batches 
are fused silica, alumina, platinum and its alloys, tantalum, and 
tungs ten. 
Three basic means of examination and identification will be 
used. They are metallographic inspection, X-ray diffraction and 
i nFra-_red - spectroscopy. 
The experimental procedure for the glass study has gone 
through a shake-down period with apparent success. The thermo- 
couple serves quite nicely as a sample holder, heater and tempera- 
ture monitor. The melt droplet is held by capillarity at the 
point of the V in the thermocouple wire. The couple, Pt 30Rh vs 
Pt 6 R h  will be used up to 18OO0C, while Ir 40Rh vs Ir has a 
2150 C service limit. The latter couple is severely embrittled 
by exposure to oxygen, and is much more sensitive to cold junction 
errors. 
0 
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Heating i s  accomplished us ing  a DC source i n t e r r u p t e d  60 
t i m e s  a second by a chopper. 
non-bridging type ,  i. e., i t  i s  a break-before-make r e l ay .  Con- 
t a c t s  a r e  h e r m e t i c a l l y  s e a l e d  i n  a g l a s s  capsule  f i l l e d  with high 
p r e s s u r e  hydrogen, and a r e  mercury w e t t e d .  The dwell  i s  approxi- 
mately equal  on t h e  normally open and c losed  c o n t a c t s  when t h e  
c o i l  i s  d r iven  by 60 H s i g n a l .  
r a t i n g  t o  c a r r y  t h e  h e a t i n g  cu r ren t .  
The chopper i s  a SPDT r e l a y  of t h e  
The con tac t s  m u s t  have a 5 amp z 
A t  p r e s e n t  t h e  Ta 0 - S i 0  b inary  system i s  be ing  i n v e s t i -  
gated.  A phase diagram w i l l  be  obtained,  while  a t  t h e  same t i m e  
t h e  glass-forming behavior  w i l l  be es tab l i shed .  
r e a d i l y  observed i n  pure  s i l i c a  due t o  i t s  " f l a w l e s s "  c h a r a c t e r ,  
u n l i k e  o t h e r  oxides  where d e f e c t s  cause very sha rp  and d e f i n i t i v e  
mel t ing  t o  occur. Of course ,  t h e  v i s c o s i t y  of s i l i c a  i s  a l s o  
cor respondingly  higher .  
2 5  2 
Melting i s  n o t  
Boron oxide  and aluminum oxide will be then used a s  a d d i t i v e s  
f o r  t h e  b i n a r y  t a n t a l a - s i l i c a  system, which i s  n o t  expected t o  
have an ex tens ive  glass-forming region. This  choice ,  fol lows t h e  
concept of r e p l a c i n g  two S i  ions  with a t r i v a l e n t - p e n t a v a l e n t  
i on  couple  ( G r i m m  and Huppert, 1934, 1937) .  The i n t e g r i t y  and 
c o n t i n u i t y  of t h e  si l icon-oxygen network should be preserved ,  
4+ 
alc?rq with e l e c t r o n e u t r a l l t y ,  1f an  additive causes & .;;idcspread 
d i s r u p t i o n  of double-bonded oxygens, then,  a s  i s  t h e  c a s e  wi th  
a l k a l i  and va r ious  o t h e r  a d d i t i v e s ,  single-bonds w i l l  form, 
d e s t r o y i n g  t h e  c l o s e - k n i t  type network s t r u c t u r e  a s  found i n  
pu re  s i l i c a .  
c a t i o n s  through t h e  " g l a s s "  l a y e r ,  which i s  sought t o  provide 
o x i d a t i o n  p r o t e c t i o n  f o r  tantalum s i l i c i d e s .  
s t r u c t u r e  would no t  s e e m  t o  a f f o r d  p ro tec t ion  f o r  an underlying 
s i l i c i d e  s u b s t r a t e .  Thus, i n  genera l ,  g lass -modi f ie r  a d d i t i v e s  
should l e a d  t o  a non-protect ive oxide s c a l e .  Addi t ives  of t h e  
This  undoubtedly a f f e c t s  d i f f u s i o n  of oxygen and 
An open g l a s s  
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i n t e rmed ia t e  o r  former type,  of which t h e  above-mentioned a r e  
included,  w i l l  have t h e  b e s t  chance of a id ing  p ro tec t ion .  The 
t h r e e  o t h e r  candida te  a d d i t i v e s ,  T i  , Z r  and V , a r e  of 
t h e s e  b e n e f i c i a l  types ,  and w i l l  be  used i n  t h e  fu tu re .  
4+ 4+ 5+ 
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Substrate-Coat inq I n t e r a c t i o n  and B a r r i e r s  
The s e r v i c e  l i f e t i m e s  of d i s i l i c i d e  coa t ings  a r e  shortened 
because they  i n t e r a c t  by d i f f u s i o n  w i t h  t h e  m e t a l l i c  s u b s t r a t e s  
t o  form lower s i l i c i d e s ,  such a s  T a  S i  The l a t t e r  a r e  unable 
t o  form t h e  p r o t e c t i v e  g l a s s y  oxide,  presumably because of t h e  
simultaneous formation of t h e  s u b s t r a t e  metal  oxide. Therefore ,  
an understanding of t h e  mechanism of growth of t h e  l o w e r  s i l i -  
c i d e  l a y e r  and i t s  i n h i b i t i o n  i s  an important approach t o  i n -  
c r e a s i n g  t h e  c o a t i n g  l i f e .  
5 3' 
I n  t h e  method used h e r e  wafers of t h e  s u b s t r a t e  metal  and 
c o a t i n g  m a t e r i a l  a r e  contac ted  under p re s su re  a t  t h e  temperatures  
of i n t e re s t .  Rates of growth of t h e  in te rmedia te  s i l i c i d e s  a r e  
measured. The same techniques a r e  appl ied  t o  measure and exp la in  
t h e  performance of a d d i t i v e  o r  b a r r i e r  e lements  such a s  t i t a n i u m  
and chromium. 
I n  t he  past s i x  months t r i a l  d i f f u s i o n  r u n s  and exp lo ra to ry  
r e s u l t s  w e r e  completed. Eight  of t h e  proposed 25 d a t a  r u n s  have 
been completed and t h e  d a t a  f o r  t h e  Ta-TaSi 
runs  analyzed. 
couples  i n  t h e s e  
2 
The d a t a  y i e l d  t h e  fol lowing r e s u l t  f o r  t h e  growth c o e f f i -  
c i e n t ,  2: 
-4 -61600/RT - D - I6 A c l  = (1.9 x 10 ) e  
1 where 2 i s  de f ined  by 
I 
The p a r a b o l i c  form i s  assumed t o  r e l a t e  zone th i ckness  Ax, t o  
' t h e  t i m e  f o r  growth t ;  
phase. Th i s  may b e  compared with t h e  work of B a r t l e t t  (1966) 
(B/M) i s  t h e  molar d e n s i t y  of t h e  growing 
I 
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I 
I 
I 
i I 
I 
I 
~ 
I 
I 
I 
I 
I 
1 
I 
I 
whose r e s u l t  i n  t h e  same form i s :  
- 5 80 0 O/RT - D = [E A C ]  = (0.3) e 
Although t h e  pre-exponent ia l  terms a r e  q u i t e  d i f f e r e n t ,  t h e  
va lues  f o r  a c t i v a t i o n  energy compare favorably.  
A t o t a l  of e i g h t  t r i a l  r u n s  w e r e  p rev ious ly  made t o  develop 
technique and t o  o b t a i n  samples f o r  explora tory  X-ray d i f f r a c t i o n  
work. An e f f o r t  was made t o  i d e n t i f y  t h e  in t e rmed ia t e  phases 
2' 
growing between t h e  va r ious  b a r r i e r  metal wafers and t h e  TaSi 
The wafers ,  a f t e r  anneal ing,  could be sepa ra t ed  a t  t h e  o r i g i n a l  
i n t e r f a c e  and t h e  s u r f a c e s  analyzed. The metal  s i d e  of t h e  
couple showed MSi o r  M S i  o r ,  most commonly, mixtures  of t h e  
two. The TaSi s i d e  showed only  Ta S i  al though it appeared i n  
i t s  two c r y s t a l l o g r a p h i c  forms: t h a t  i s  a s  a mixture of hexagonal 
Ta S i  and t e t r a g o n a l  Ta S i  Photomicrographs of t h e  var ious  
couples  were taken t o  record  t h e  appearance of t h e  d i f f u s i o n  zones 
and t o  a i d  i n  l o c a t i n g  t h e  o r i g i n a l  i n t e r f a c e .  I n  most ca ses  
t h e r e  was no d i f f i c u l t y  i n  d e f i n i n g  the  o r i g i n a l  i n t e r f a c e :  i t  
appeared a s  a series of small  h o l e s  i n  a s t r a i g h t  l i n e  p a r a l l e l  
t o  t h e  phase boundaries.  Therefore ,  marker m a t e r i a l s  need n o t  
be us&. IC, was o b s e p ~ e d  tha t  as t h e  d t l f f u a l a n  zories ~ X C W ,  T . ? s i d s  
accumulated i n  t h e  Ta S i  zone next  t o  t h e  T a S i  
5 3  
sumably due t o  t h e  accumulation of vacancies which accompanies 
s i l i c o n  d i f f u s i o n  through t h e  in te rmedia te  phases. 
2 5 3  
2 5 3  
5 3  5 3' 
This  i s  pre- 
2' 
I n i t i a l  a n a l y s i s  of Ta-TaSi da t a  f o r  o r i g i n a l  boundary 2 
p o s i t i o n  proved very  i n t e r e s t i n g .  It can b e  shown (Kolodney and 
Gra f f ,  1967a) t h a t :  
- 20- 
1 where b x i s  t h e  d i s t a n c e  of Ta/Ta S i  i n t e r f a c e  and B x 
t h e  d i s t a n c e  of Ta S i  /TaSi 
2 5 3  
i n t e r f a c e  from t h e  o r i g i n a l  i n t e r -  
5 3  2 
face.  From t h i s  t h e  expected r a t i o  i s  7/3 i f  Ta d i f f u s i o n  i s  
n e g l i g i b l e  o r  l e s s  than 7/3 i f  Ta d i f f u s i o n  i s  not. 
however, show a r a t i o  of more than  7/3. 
i n  l i g h t  of t h e  X-ray d i f f r a c t i o n  work i n  t h e  Ta-TaSi  
The above r a t i o  can only  be  expected t o  hold  i f  t h e  s i l i c o n  
d i f f u s i v i t y  i s  t h e  same on both  s i d e s  of t h e  o r i g i n a l  i n t e r f a c e .  
That i s  t o  say ,  t h e  m a t e r i a l s  a r e  i d e n t i c a l .  I n  a c t u a l i t y ,  two 
forms of Ta  S i  grow: t h e  hexagonal form, having h ighe r  d e n s i t y  
and c l o s e r  packing, and t h e  t e t r a g o n a l  form. This would l e a d  
t o  t h e  hypothes is  t h a t  d i f f u s i o n  i n  t h e  t e t r a g o n a l  Ta S i  would 
be  h ighe r  than  i n  t h e  hexagonal form. I n  f a c t  t h e r e  i s  a mix- 
t u r e  of t h e  two forms on both  s i d e s  of t h e  o r i g i n a l  i n t e r f a c e ;  
b u t  t h e  Ta s i d e  con ta ins  a considerably h ighe r  concent ra t ion  of 
t h e  t e t r a g o n a l  Ta S i  
The d a t a ,  
This  can be  explained 
system. 
2 
5 3  
5 3  
Therefore  one would expect a h ighe r  
5 3' 
s i l i c o n  d i f f u s i v i t y  i n  t h e  A x  region than i n  t h e  Ax, region. 2 
This  would account f o r  t h e  h igh  experimental  value. I t  a l s o  
appears  t h a t  as  d i f f u s i o n  p rogres ses ,  t h e r e  i s  a t r a n s i t i o n  
from t e t r a g o n a l  t o  hexagonal Ta S i  and i n  s u f f i c i e n t  t i m e  t h e  
complete d i f f u s i o n  zone would be  homogeneous hexagonal Ta S i  . 
5 3  
~?ierefare ,  5s t h e  zone grows ir? t h i ~ k n ~ s s ;  thE ratio <&x7j 5,  2 3  ;'(A:<?) 2 
L. I 
should approach t h e  va lue  of 7/3 i f  Ta d i f f u s i o n  i s  neglected.  
This  t r e n d  i s  observed i n  t h e  da t a  a t  hand. 
Although t h e  raw d a t a  f o r  t h e  b a r r i e r  m e t a l s  - T a S i  couples  2 
have been recorded f o r  t h e  f i r s t  e i g h t  r u n s ,  they have n o t  y e t  
been analyzed. Nonetheless,  it was observed t h a t  i n  each case 
t h e  d i f f u s i o n  zone i n  t h e  Ta-TaSi couple was s m a l l e r  than t h e  
zone i n  t h e  M-TaSi couples.  This  inc ludes  b a r r i e r s  of t ungs t en ,  
molybdenum, t i t an ium,  rhenium, colun-bium and zirconium. 
2 
2 
The d i f f u s i o n  anneals  w i l l  cont inue and b e t t e r  techniques 
-21- 
for polishing the couple sandwich will be developed. 
some of the barrier metals (Re and Mo, in particular) become 
extremely embrittled and upon subsequent sectioning, grinding 
and polishing, the diffusion zones are sometimes separated from 
the wafers. 
although these data can be salvaged if the sample can be ground 
down at a later time without again destroying the diffusion 
zone. 
As of now, 
This makes measurement of the zone impossible, 
Further X-ray diffraction work will aim at more complete 
identification of the systems being studied (particularly the 
Ta-TaSi and Ti-TaSi systems). This will be accomplished by 
precision grinding through the couple and X-ray diffraction 
analysis at each step. 
2 2 
-22- 
S i l i c i d e  Reactions 
A s  p rev ious ly  noted,  accu ra t e  values  of t h e  f r e e  ene rg ie s  
f o r  r e f r a c t o r y  s i l i c i d e s  a r e  no t  ava i lab le .  Because of t h i s  
t h e  f r e e  ene rg ie s  of s i l i c i d e  r eac t ions  have a l a r g e  probable  
e r r o r  and e q u i l i b r i a  cannot b e  accu ra t e ly  determined. 
Important information on t h e  systems under s tudy  may b e  
obtained a s  follows: Reactants  a r e  mixed i n  approximately equal  
volumes, and X-ray s p e c t r a  b e f o r e  and a f t e r  h e a t i n g  t o  r e a c t i o n  
temperature  a r e  used t o  i d e n t i f y  t h e  r e a c t i o n s  t h a t  have occurred. 
Equal volumes a r e  used t o  make t h e  X-ray peaks de t ec t ab le .  
The f i r s t  r e a c t i o n  i n v e s t i g a t e d  was 
37 Ta  S i  5 - S i 0  + -2 2  2 5  5 3 -  2 2 Ta 0 + 7 Ta S i  - 
The r e a c t a n t s ,  p l u s  S i 0  ( q u a r t z ) ,  S i  and N i  (. 8%) w e r e  mixed 
2 
with  b inde r ,  made i n t o  p e l l e t s ,  p r e s i n t e r e d ,  r eac t ed  a t  1600 0 C ,  
and X-rayed. The system T i S i  - T i 0  - S i 0  was i n v e s t i g a t e d  i n  
t h e  same manner. 
2 2 2 
N o  lower s i l i c i d e s  w e r e  found i n  t h e  Ta S i  system a f t e r  5 3  
hea t ing .  The only changes w e r e  s h i f t s  i n  t h e  c r y s t a l  s t r u c t u r e s  
of t h e  t r i - s i l i c i d e s  oxides.  
2 X-ray d a t a  on t h e  T i S i  system showed a complete s h i f t  t o  
I n v e s t i g a t i o n s  
2' T i  S i  (hexagonal) wi th  no evidence of T iS i  5 3  
of t h e  lower s i l i c i d e s  ( T i S i ,  Ta  S i )  w i l l  be undertaken. 2 
-23 -  
I 2* 
followed by ternaries with A 1  0 and B 0 . 
4. Substrate - Coating Interaction and Barriers: 
2 3  2 3  
t The program of diffusion anneals will be continued. 
Better polishing techniques for the more brittle materials 
Proqram for the Next Six-Month Period 
Thermochemical Data: 
The completion of EMF measurements for the Ta-Si system 
is expected during the next six-month period. An investi- 
gation of the sintering behavior of Tho - Y  0 electrolytes, 
and the influence of Si0 is a l s o  planned. This is expected 
to lead to a clarification of the color phenomena observed 
in commercial and laboratory electrolytes. 
2 2 3  
2 
Glass Structure and Growth: 
The oxidation of pure TiSi in an oxygen-argon atmos- 
2 
phere will be continued-in order to verify and explain the 
results obtained to date. Additional temperatures and 
oxygen pressures will be studied. More detailed study of 
the film using X-ray, infrared and electron microscopy are 
1 planned. 
t 
3. Oxidation Rates and Coating Modifiers: 
I 
The Pt 30Rh vs. Pt 6 R h  couple will be used for glass 
0 studies up to 1850 C. Above this limit and up to 215OOC 
1 the 60 Ir 40Rh vs Ir couple must be used. However, the 
experimental apparatus will have to be modified since the 
junctions between the couple and the extension wires (OFHC 
I 
I 
CGUPPR XYS. DURAL) o n l y  match Ere's up LO 1 C O  0,- L. It ~?.tigl;t I 
-24- 
The lower silicides of titanium and tantalum will be 
studied for stability in the presence of their oxides. 
difficult problem of successfully pressing and sintering 
of silicon powder will be explored so that the oxidation 
of silicon pellets with small amounts of additives can be 
investigated. 
The 
-25- 
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TiSi  OXIDATION 
L 
To 1 2OO0C ( L) 
1: /T=600°C (3 )  
T=800°C ( 1 ) 
T=300°C ( 1 ) 
r 
c 
10 1 I I 1 I I I  1 1  I r I I 
I 
I 
1 
I 
f 
I 
I 
I 
I 
I 1 .o .' 1d.o 100'. 0 i 1bc 
OXIDATION TIME, hrs.  
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